Introduction
Collagen is a protein component of the extracellular matrix (ECM) that is crucial for cell support and maintenance. There are at least 28 different isoforms of collagen, but the primary structure of each isoform shares a high percentages of a common repeating amino acid triplet sequence, Gly-Xxx-Yyy, where Xxx is often the amino acid L-proline (Pro/P) and Yyy is 4R-hydroxyproline (Hyp/O). The primary sequence of collagen polypeptides with repeated Gly-Pro-Hyp units forms a lefthanded polyproline type II (PPII) helix; three such left-handed polyproline type II chains (designated as a-chains) wind around each other to form a righthanded supercoiled helix, commonly referred to as the collagen triple helix. The amino acid sequence of three a-chains can be identical in which case, the triple helix is homotrimeric (e.g. collagen type II and III); or heterotrimeric, when the chains display dissimilar amino acid sequence composition. The heterotrimeric triple helix comes in two flavours: (i) three chains with distinct sequencesa1a2a3 or ABC-as in collagen type VI and (ii) two chains with identical sequences and the remaining a-chain is sequentially different-a1a1a2 or AAB (e.g. collagen type I, IV). Both homotrimeric and heterotrimeric triple helices can self-associate into diverse supramolecular structures to fulfil specialized functions in the different tissues in which they are present, including bone, cartilage, tendons, ligaments, cornea, skin, kidneys, heart, brain, blood vessels and dentin. Collagen can be classified into six subfamilies according to higher-order structural morphology: (i) fibrilforming (type I, II, III, V, XI and XXVII), (ii) fibril associated with interrupted triple helices (FACIT) (type IX, XII, XIV, XVI, XIX, XX), (iii) network-forming (type IV, VI, VIII and X); (iv) anchoring fibrils (type VII), (v) multiplexins (type XV and XVIII) and (vi) membrane associated with interrupted triple helices (MACITs) (type XIII, XVII and XXV) [1] . Fibril-forming collagen type I and network-forming & 2017 The Author(s) Published by the Royal Society. All rights reserved.
type IV collagen are abundantly present in the ECM of stroma and the ECM surrounding epithelial and endothelial cells (basement membrane), respectively, of almost all major tissues in the body. Because collagen is a natural component of the ECM supporting cell anchorage and development, biologically derived collagen has been widely used as cell support platforms for two-and three-dimensional in vitro cell culture models. Additionally, it has been used as implants for guided tissue regeneration, as microspheres in growth factor delivery, while animal-derived collagen sponges are FDA approved for treating surgical wounds [2] [3] [4] .
Despite the rampant use of animal-derived collagens, serious drawbacks associated with them can potentially limit their value as a biomaterial. Collagen isolated from animals are heterogeneous and ill-defined in composition. Batch-to batch variability of commercially available collagen is very common, and this significantly affects reproducibility of experimental results in biological assays. Also, collagen from different animal species may elicit an immunogenic response and pathogen transmission. Moreover, collagen is a large protein and subtle modifications by introducing chemical diversity or sequence modification would be very difficult. In recent years, techniques such as droplet microfluidics and membrane emulsification have been used to engineer collagen microparticles, which can be expensive and require highhanded technical skills [5] . In addition, because collagen contains a large proportion of the unnatural amino acid Hyp, it is therefore difficult to obtain recombinant collagen from bacterial sources without any genetic alterations or by introducing new biosynthetic shunts in Escherichia coli [6, 7] . To overcome these concerns, researchers can replace natural collagen with short synthetic triple helical collagen-model peptides (CMPs) that can self-assemble into higher-order structures. CMPs are usually less than 50 amino acids long and can adopt triple helical conformation by self-assembly in aqueous solution. The self-assembled synthetic collagen mimics can be a relatively inexpensive alternative for mimicking natural collagen functions and morphology, while eliminating major drawbacks associated with animal-derived collagens. However, this approach comes with its own challenges, the most significant being their subsequent self-assembly into higher-order structures after the initial stage of triple helical assembly. Even though many research groups have successfully documented collagen-like triple helix formation using both homotrimeric and heterotrimeric peptide designs [8, 9] , so far, very few research laboratories have succeeded in further directing the self-assembly of these triple helices into higher-order welldefined two-or three-dimensional macromolecular structures that can be highly regarded from a biomaterial design perspective. This review will focus on the intrinsic design features of collagen-like triple helical peptides that mediate their higherorder self-assembly generating interesting supramolecular structures. In our discussion, we will also emphasize the promising applications of these structures in biomedicine. Finally, we will discuss common receptor binding sequences identified within natural collagen that can be implemented as biologically functional motifs in collagen biomaterial design.
Basic designs of collagen model peptides
Two types of design are possible for CMPs: (i) homotrimeric and (ii) heterotrimeric. Homotrimeric designs are relatively simple and easy to synthesize, and only one possible register can be formed after their first step of self-assembly into triple helices. A very common collagen mimetic design is the repeating triad sequence of GPO or POG and even PPG. Usually, a repeat of 10 units forms well-ordered triple helices of reasonable stability [10] . The thermal stability of triple helices is usually obtained by plotting temperature against circular dichroism (CD) max around 220 nm. This generates a sigmoidal curve depicting cooperative unfolding of the trimer to the monomer. The melting temperature T m represents the temperature at which half of the trimers have unfolded into monomers. The T m of less than 10 repeating triads can be increased by attaching trimer stabilizing factors, such as lipid tails, Kemp triacid, cysteine knots, cyclotriveratrylene derivatives. [11] [12] [13] [14] . Another strategy consists of placing metal-binding ligands at the terminal ends (e.g. bipyridine) and then using Fe(II) as the external trigger to allow metal mediated chelation as the stabilizing factor [15, 16] . As we will discuss later, this idea was exploited to develop a metal ion coordination strategy to create a series of interesting higher-order structures. An advantage of cysteine knots and metal ions is the flexibility incorporated into the nature of the self-assembly, as we can readily dissolve the triple helix by using a reducing agent (dithiothreitol, DTT) or by adding EDTA. Brodsky and co-workers [17] first reported higherorder branched aggregates formed by self-assembly of (POG) 10 through annealing. From their study, we can argue that even though the information for forming a stable triple helix is encoded in the POG template, self-assembly to form well-defined supramolecular structures is not programmed in this sequence. Another kind of popular homotrimeric collagen mimetic design features a 'host-guest' arrangement of the form [GlyProHyp] [18, 19] . This design has the scope of incorporating modified or bioactive sequences in the middle as the guest, flanked on either sides by three or four host GPO units to maintain triple helix stability. Brodsky and co-workers performed comprehensive studies related to amino acid tolerance in the guest sequence Gly-Xxx-Yyy of a host guest peptide by systematically scanning all 20 amino acids in either the Xxx position or the Yyy position on the Gly-Xxx-Yyy guest triad [18 -20] . This study revealed that the Gly-Pro-Hyp combination confers the best stability to the triple helix compared with all other combinations of amino acids. The order of amino acid ranking with regard to stability for Yyy position is Hyp . Arg . Met, while that of Xxx position is Pro . charged residues . Ala . Gln. These analyses were taken into account while designing sequences of peptides for directing self-assembly, which we will elaborate in the subsequent sections. Web-based computational software tools are available to predict stability according to the side chains of the amino acid substitutions in similar host -guest peptide models [21] . In many of the self-assembling studies, (POG) 10 or (GPO) 10 were used as the fundamental template for the peptide designs.
Although the field of homotrimeric triple helical peptides has been well established for quite some time, progress in the development of heterotrimeric triple helical peptides emerged only in the last few years. This is because it is more challenging to generate a single heterotrimeric triple helix of desirable composition in predominant form [22] . Simple mixing of two nonidentical peptide strands (A and B) can produce four different trimers (AAB, ABB, AAA and BBB), while peptide chains with three distinct sequences (A, B and C) can give rise to nine different combinations (AAA, BBB, CCC, AAB, ABB, ACC, BCC, CAA and ABC). Thus, control over formation of the desired assembly is a major challenge to keep in mind when designing sequences of monomeric peptides. Another important feature to consider is that the three strands of the peptide triple helix are not perfectly aligned. Any two strands are offset by one amino acid residue giving rise to leading, middle and lagging strands for the three stranded helix [22] . For heterotrimeric triple helical peptides, this becomes significant as three possible registers of unique identification are possible from two distinct sequences (AAB or ABA or BAA). Early attempts to synthesize heterotrimeric triple helices by mixing commonly used (POG) 10 and (PPG) 10 gave poor triple helical assembly with very low T m (14.58C) [23] . Raines et al. took the unique approach of designing heterotrimers from mixing (Pro-ProGly) 7 with (4S-Flp-4RFlp-Gly) 7 in a 1 : 2 ratio, (Flp stands for fluoroproline) [24] . The T m was reported to be 288C, but the registers of the triple helices formed were not defined. The first most stable heterotrimer was prepared from a 1 : 1 : 1 assembly of (DOG) 10 , (PKG) 10 and (POG) 10 (T m ¼ 658C) [25] . Likewise, another similar design (DOG) 10 , (PRG) 10 and (POG) 10 also formed stable heterotrimeric helices upon mixing in a 1 : 1 : 1 ratio (T m ¼ 548C) [26] . The important driving force behind formation of stable heterotrimeric helices were ionic and H-bond interactions between positively charged residues, in particular Lys, and negatively charged Asp. The concept of stabilizing a triple helix through axial charge pair interaction is predominant in bacterial collagen, which lacks Hyp. Hartgerink and co-workers [27] created an impressive sequence of Hyp-free stable ABC heterotrimer from Y(PKG) 10 , Y(EPG) 10 and Y(DKG) 10 . The N-terminal Tyr was incorporated for spectroscopic characterization. It represents a rare example of a Hyp-free, stable natural amino acid containing CMP. Thermal studies revealed a single cooperative unfolding state at 378C. Considering the fact that Hyp imparts stability to the triple helix backbone, this triple helical heterotrimeric system without Hyp, can be regarded as adequately stable, possibly due to the sufficient number of salt-bridge interactions between the oppositely charged Lys-Glu and Lys-Asp residues. Notably, when (EPG) 10 was replaced with (EOG) 10 in the same system, the melting temperature increased by only 58C (438C).
Collagen assembly and strategies to induce
hierarchical self-assembly in synthetic collagen model peptides
As mentioned before, collagens exist in a variety of phenotypes, but for brevity, and to appreciate the underlying mechanisms that drive this exceptional molecular assembling system, we will keep our discussion confined to fibril-forming collagen type I (figure 1) [1, [28] [29] [30] [31] . Fibrillogenesis of type I collagen consists of two phases (i) nucleation and (ii) growth. The genesis of this complex molecule starts with a single protocollagen strand approximately 300 nm long, containing a triple helical segment with propeptide domains at the N-and C-terminals. Next, modification of certain amino acid residues and subsequent folding of three protocollagen strands into a triple helix stabilized by disulfide bridges at the C-terminal prodomains occur through the coordinated efforts of several enzymes, such as lysyl hydroxylase, P3H/P4H and protein disulfide isomerase. The procollagen triple helix does not have the power to undergo further self-assembly until proteinases chop off a large fragment of the propeptide domains at both ends. The residual folded structure is now classified as a tropocollagen triple helix with an average length of 300 nm and height 1-2 nm. The tropocollagen skeleton constitutes a central triple helix composed of roughly 1000 amino acid residues flanked by two short non-helical telopeptide motifs. The telopeptide regions are rich in aromatic amino acids and some reports suggest that aromatic interaction may play a significant role in inducing fibril formation [32] . Also, synthetic telopeptide mimics can prevent collagen fibrillogenesis [32] . This led researchers to believe that important binding sites for mediating interactions between two individual triple helical chains are located in the telopeptide regions and this interaction is obstructed by the binding of telopeptide mimics to these sites. However, contrary to this hypothesis, tropocollagen missing telopeptide zones have been shown toself-assemble into collagen fibrils [33] . Thus, it is possible that telopeptides are important in accelerating the generation of fibrillar structure and establishing the proper register, but may not be an absolute necessity for formation of fibrils and fibres. The tropocollagen triple helix self-assemble in a linear head-to-tail fashion with the N-and C-terminal ends facing each other rsfs.royalsocietypublishing.org Interface Focus 7: 20160138 and also side by side (lateral assembly) to form a pattern of a three-dimensional organized staggered array of fibrils of micrometre length with a regular offset of 234 residues between adjacent tropocollagen chains creating periodic bands (D period). Each D period comprises a gap and an overlap region and measures 67 nm in length. Under transmission electron microscopy (TEM), this pattern of organization appears striated or banded in morphology. At this stage, further cross-linking between triple helical fibrils catalysed by lysyl hydroxylase gives rise to mature collagen fibrils with high tensile strength which are resistant to degradation by most proteases in the body. The final cross-linking can also explain why it is so difficult to isolate an individual microfibril from tissue extracts. To mimic the whole process of collagen self-assembly with synthetic triple helical peptides that are approximately less than 10 nm in length (100-fold less than a collagen triple helix) is obviously challenging. However, in the past few years, this field of research has expanded quite a bit and researchers have created very interesting structures including typical fibres, hints of network, as well as non-typical discs, florettes, horns, hollow spheres, etc., from CMPs with inspiring biofunctional properties. The impressive strategies undertaken by these researchers to induce self-assembly can be grouped into a few categories described in details in the following subsections. A summary of the designer sequences, the nature of supramolecular structures generated and their potential biological applications are presented in table 1.
Polymerization
One of the earliest reported strategies to obtain collagen mimetic fibres was the polycondensation of collagen peptides (POG), (POG) 5 and (POG) 10 into (POG) n . This process produced high molecular weight (10 kDa) polymers of nanofibrous morphology [34] . Hartgerink's laboratory adopted a native chemical ligation method to polymerize three short CMPs derived from the fundamental (POG) 9 template [35] . Each of these peptides incorporated an N-terminal Cys residue and a C-terminal aromatic thioester. Propagation of the polymer chain was terminated through hydrolysis of the C-terminal thioester into carboxylic acid, and the molecular weights reported for the polymers were relative and not absolute. The polymerized peptides showed a characteristic collagen CD spectra with a maxima at 225 nm and a minima around 190 nm and melting temperature (T m ) between 50 and 608C. This means the triple helices were quite stable and the trimeric structure was the predominant form at physiological temperature (378C). The microstructure characterized by TEM imaging showed dense fibre network with diameter between 10 and 20 nm and length in micrometre range (figure 2). The observed diameters were comparable to that of collagen fibril, but the characteristic banding pattern of type I collagen was absent. Overall, polymerization chemistry can be effective in mimicking some aspects of collagen higher-order fibril structure, starting from small triple helical peptide building blocks.
p-p interactions
The telopeptide regions of collagen are non-helical and play a significant role in driving collagen fibril formation [36] . Incidentally, the telopeptide zones display significant proportions of aromatic amino acids Phe and Tyr. Maryanoff and co-workers [37] investigated the scope of aromatic interactions in collagen-like peptides to drive self-assembly into supramolecular structure. They placed a strong electron-deficient ring pentaflurophenylalanine (F 5 -Phe) at the N-terminal and Phe at the C-terminal end of the usual triple helix-forming template (GPO) 10 . TEM images depicted micrometre-long composite fibrils of average diameter 0.26 mm, resembling collagen fibrils of murine aortic tissues. The fibril dimensions suggested a combination of head-to-tail and lateral packing in the assembly process. Based on this groundwork, the authors conducted a follow-up study in which they systematically examined the effect of dilution of p-p interaction by substituting N-terminal F 5 -Phe with Phe (peptide 1b) and Leu (peptide 1c), and then eliminated p-p interactions completely by replacing both terminal aromatic residues with Gly (peptide 1d) (figure 3). The original parent compound was designated as 1a and they also selected (POG) 10 as control [38] . Atomic force microscopic (AFM) images revealed micrometre-long fibrils with small branches for 1a and 1b, as opposed to short spherical aggregates for peptide 1c and sheets with irregularly shaped holes for peptide 1d (figure 3). Further, less intense regions in AFM phase images of peptides 1a and 1b translated to material stiffness, which proved the presence of a supramolecular structure. Another interesting observation reported in the paper was the behaviour of control peptide (POG) 10 and fibril-forming 1a with respect to turbidity. Turbidity was monitored by absorbance change at 313 nm for 0-85 min. While absorbance for (POG) 10 increased within this timeframe, absorbance for 1a remained unchanged, signifying the absence of turbidity. Upon storing both the peptide solutions at 238C for 3 days, a thick precipitate was observed for (POG) 10 , whereas 1a gave rise to fine particles, which under a light microscope appeared as banded worm-like hydrogel in the millimetre size range. Biologically, peptide 1a and 1b were able to aggregate human platelets through activation of GP IIB/IIIa signalling, similar to the mechanism used by natural collagen. However, the same peptide when truncated to five GPO repeats [F 5 -Phe-(GPO) 5 -Phe], despite forming a triple helix, failed to aggregate platelets because of lack of higher-order structure formation. Thus, higher-order structure may be a pre-requisite for mimicking collagen biological functions.
Higher-order structure formation in CMPs can also be mediated by p-cation interaction. By placing the cationic side chain Arg at the N-terminal with aromatic Phe occupying the C-terminal, Horng and co-workers [39] demonstrated that peptides RG(GPO) 10 F and RG(GPO) 8 F could form linear fibrils predominantly by self-association in a head-to-tail manner. Notably, RG(GPO) 8 F is an example of relatively short, of less than 30 amino acid long, collagen-like peptide to undergo self-assembly into a large-scale structure.
As Ca and Cd of the imino acids Pro/Hyp are adjacent to the amide backbone, they can act as potential H-bond donors, and the aromatic side chain in the neighbouring triple helix can serve as a H-bond acceptor. Thus, it would not be surprising if the Phe of one helical chain might facilitate CH-p interaction with Pro or Hyp residues of the neighbouring chain within the triple helix. In fact, single X-ray crystal analysis of a collagen mimetic peptide containing integrin binding domain GFOGER has strengthened this concept [40] . In type IV collagen sequence, Phe appears multiple times as a part of the triple helix triplet (GFO), as well as in the interrupted regions of the Gly-Xxx-Yyy repeats. It is highly probable that p-CH interactions may be partly responsible for crafting the ordered network assembly of type IV collagen in the basement membranes. Brodskyand co-workers constructed model rsfs.royalsocietypublishing.org Interface Focus 7: 20160138 Table 1 . Peptide sequences, the morphology of higher-order self-assembled structures and their potential biological functions. Notes: The peptide C-terminal is denoted by COOH for acids, CONH 2 for amides and COSØ for aromatic thioester; Ac, acetyl; unless otherwise stated, the N-terminal is amine. Amp, aminoproline; bpy, bipyridine; C 16 , palmitoyl; ECM, extracellular matrix; EGF, epidermal growth factor; Gal, [72] rsfs.royalsocietypublishing.org Interface Focus 7: 20160138 peptides containing core sequences derived from the a5 chain of type IV collagen [41] . The first of the three peptides [(POG) 3 QOGLOGLOG(POG) 4 ] denoted as T4 was deprived of terminal aromatic residues; the sequence of peptide T4Y [(GPO) 3 GQO GLOGLO(GPO) 3 GY] and FT4Y [F(GPO) 3 GQO-GLOGLO (GPO) 3 GY] were slightly altered from T4 and contained either one (Tyr) or two end-terminal aromatic (Phe, Tyr) rings. CD data provided evidence of triple helical conformation in all three peptides. In terms of higher-order structural morphology, T4Y and FT4Y produced branched network fibrils resembling basement membrane collagen architecture, while T4 lacking aromatic end groups gave rise [41, 42] . Interestingly, the incorporation of aromatic residues at both ends dramatically accelerated the speed of self-assembly. To support their experimental findings, the authors proposed a synergistic molecular packing model comprising p-p and CH-p interactions within the triple helix (figure 4). The peptide FT4Y was able to stimulate the GPVI signalling pathway to induce platelet aggregation. Overall, this is a sophisticated example of a design that can be taken into account for reproducing collagen type IV networks prevalent in the basement membrane.
Metal ion coordination
Chmielewski and co-workers pioneered the concept of metal ion driven temporal and reversible hierarchical self-assembly in triple helical systems, and ever because this idea was conceived, this group has published a series of intriguing papers related to this topic. In fact, this type of self-assembly can be programmed to produce the desirable microstructure by selecting the right metal ion and incorporating metalcoordinating ligands in particular positions in the peptide sequence. Their basic design approach could fall under three categories: (i) radial design-the metal-binding ligand radiating from the centre of the triple helix that would allow radial growth of the triple helices; (ii) linear design-the metal-binding ligands occupying the terminal ends, favouring head-to-tail assembly; and (iii) cross-link design-combination of head-to-tail and radial assembly that would give rise to cross-link networks [43] . The commonly studied CMP (POG) 9 was used as the core template in all of their studies. Modification of this template through installation of metal-binding ligands, did not prevent folding into a triple helix. A summary of the peptide sequences and the electron microscopic images of the structures are presented in figure 5 .
For the radial growth design, they replaced Hyp in certain positions within the POG triplet repeats with bipyridine (bpy) modified Lys to attract transition metal ions. In their first design, bpy attached to the side chain of Lys was placed at triplet position 5 [44] . With the formation of a triple helix, the three bpy ligands protruded from the centre of the molecule, opening up three different directions for possible radial growth, which could potentially lead to a three-dimensional arrangement of multiple triple helices stabilized by metal chelation. As envisioned, the addition of metal ions, especially Fe (II) and Cu(II), promoted the self-assembly with the formation of 3-5 mm length fibres. However, no fibres were visible in the absence of any metal ions and also the molar ratio between the peptide and the metal had to be optimized. Next, they provided multiple metal coordination sites by placing two bpy ligands conjugated to Lys at the 4th and 6th trimer position in the POG repeat [45] . Using Fe (II) as the trigger, round disc-like structures with diameters ranging from 50 to 500 nm and a height of 10 nm, corresponding to the length of a single triple helical peptide block, were observed. This system also formed ill-defined aggregates (75 nm) even in the absence of metal ions, possibly due to aromatic p-p interactions between the bpy rings. This was more prominent with the incorporation of three bpy rings into this system at positions 3, 5 and 7 in the POG triplet [46] , when rounded discs were obtained as an intermediate prior to addition of Fe(II). Metal ion further promoted the self-assembly of these discs into hollow spherical shells reminiscent of protein cages found in nature, such as virus capsid or ferritin cage. This system would be particularly advantageous in loading nucleic rsfs.royalsocietypublishing.org Interface Focus 7: 20160138 acids and proteins as the self-assembly can be achieved under mild conditions and then the cargo can be released through melting of the triple helices. Later this group used these hollow spheres in encapsulating fluorescent labelled dextran and then applied thermal energy as the trigger to release the encapsulated contents [47] . The switch to a linear design approach was made by introducing metal-binding ligands nitrilotriacetic acid (NTA) and two histidine or His 2 at the N-and C-terminal ends of (POG) 9 respectively [48] . This would allow linear growth via head-to-tail assembly of the triple helices triggered by a transition metal ion. Astonishingly, Zn (II) mediated interaction produced florette shaped particles of micrometre-scale diameter instead of fibrils. Mechanistic details revealed an underlying dynamic self-assembly process leading to sheet like intermediate folding structures that converges into rsfs.royalsocietypublishing.org Interface Focus 7: 20160138 microflorettes with time. In another version of linear approach, two different triple helical peptide blocks were created to facilitate metal mediated tandem co-assembly; the first block design contained iminodiacetic acid (Ida) at N-and C-terminal ends (IdaCol), while the second peptide block comprised two His residues (His 2 ) at the terminal ends (HisCol) [49] . Complexing with metal ions at the terminals would allow co-assembly in a linear direction with strands of IdaCol and HisCol alternating between each other. Scanning electron microscopy (SEM) images revealed petal-like morphology (100-500 nm in length) of the higher-order structure generated from this assembly. Further, probing of individual petals at higher magnification showed clusters of nanofibres with periodic banding. The distance between banding gaps ranged from 9 to 12 nm, which corresponds to the length of a triple helical building block. This suggested lateral association of the linear assembled blocks. Interestingly, Co (II) mediated of coassembly of NTACol, instead of IdaCol, forming banded horn-like structures [50] . These robust horns were capable of binding His-tagged fluorophores and also supported the culture of Hela cells.
The combination of linear and radial approaches with a bpy ligand at the centre and NTA and His 2 at the N and C-terminals (HBN peptide) resulted in a highly cross-linked threedimensional fibrous scaffolds upon addition of different metal ions (Zn, Co, Cu and Ni) [51] . The scaffold architecture and characteristics could vary depending on the nature of metal ions. For example, Zn-(II)-mediated interaction produced less dense scaffolds as a result of fewer cross-linking points compared with divalent Co, Cu and Ni ions. This provides an advantage of manipulating scaffold morphology with the simple choice of an external stimulus. The scaffolds supported the encapsulation and maintenance of Hela cells for at least 5 days in culture. The cells could be easily detached by treating with EDTA, which dissolved the scaffold by setting free the peptide bound metal ions. In a more complex adaptation of this study, the authors functionalized these scaffolds with cell binding motif RGDS and His-tagged epidermal growth factor (hEGF-His) [52] . For this purpose, two individual de-novo peptide designs were created from the parent HBN peptide by either replacing NTA at the N-terminal (HBRGDS) or by replacing bpy in the radial position with RGDS (HRGDSN). The primary difference between the two peptides is the manner in which RGDS epitope would be presented within the scaffold. In triple helical conformation, RGDS of peptide HBRGDS would appear as a cluster or groups, while in triple helix HRGDSN, the RGDS would radiate out as single strands from the centre. Scaffolds were formed by co-assembly of two peptides (HBN:HBRGDS) or (HBN:HRGDSN) in the molar ratio 1 : 0.4. SEM images of their microstructure revealed porous honeycomb like architecture, which was not significantly altered when His-tagged EGF was attached to the scaffold by non-covalent means. MCF10A cell lines represent normal epithelial cells of the breast; when cultured in Matrigel, these cells first form spheroids and later differentiate into acinar structures as seen in mammary glands in vivo. They also required the presence of epidermal growth factor (EGF) to support their growth. In this study, MCF10A cells were encapsulated in three different metal mediated self-assembled scaffolds: (i) scaffold derived from self-assembly of HBN; (ii) scaffold composed of HBN:HRGDSN and (iii) scaffold derived from HBN:HBRGDS. EGF was supplemented either in cell culture medium or linked to the scaffold as His-tagged EGF. It was found that only HBN:HBRGDS scaffold enabled MCF10 cells to form spheroids in presence of EGF, but it made no difference, if EGF was in solution or attached to scaffold. This observation clearly underscores the importance of the position of RGDS in the triple helical peptides that translates into different modes of presentation to the cells adhered within the scaffold.
Horng and co-workers [53] first documented a metal driven self-assembly strategy in CMPs without incorporating any outside metal-binding ligands. They created Hyp-free collagen-like peptides with His (H) acting as the sole metal chelator. Strikingly, the two peptides-HG(PPG) 9 GH and HG(PPG) 4 (PHG)(PPG) 4 GH-could self-assemble into fibrils with distinct D-periodicity (approx. 9.5 nm), even in the absence of metal ions. When treated with metal ions, specifically with Cu and Zn, both peptides formed granular aggregates of micrometre-scale length.
Electrostatic interactions
Chaikof and co-workers [54] were the first to use electrostatic interaction in a CMP to create fibrils displaying collagen characteristic D banding pattern. The peptide CPII [(Pro-ArgGly) 4 (Pro-Hyp-Gly) 4 (Glu-Hyp-Gly) 4 ] contained an equivalent number of charged domains flanked by the usual collagen signature domain. Previous studies indicated that stable triple helices could be formed with charged residues, with positively charged residues occupying the Yyy position and negatively charged residues occupying Xxx position in the GPO triad [19] . Further, if an adequate number of GPO triads were present in the sequence, then the sequence could accommodate usual destabilizing triads such as Glu-Hyp-Gly without affecting the overall triple helix stability [19, 25] . Bearing these studies in mind, they created the sequence for CPII, which promoted a linear alignment of the triple helical assemblies with oppositely charged N-and C-terminal domains complementing each other. This arrangement of the triple helical protomers resulted in fibrillation. This type of self-assembly can be regarded as blunt-ended self-assembly as peptides initially associated into blunt-ended triple helix forced to adopt a staggered packing, influenced by opposing charges of terminal domains in the triple helix. Using similar kind of design as CPII, Jiang et al. obtained two-dimensional nanosheets from the ordered packing of two peptides NSI and NSII containing 4-aminoproline instead of Arg [55] . In this case, electrostatic interactions favoured the formation of two-dimensional flat layers with each adjacent triple helical strands aligned perfectly parallel to one another and stabilized by electrostatic and hydrophobic interactions.
From NMR studies of heterotrimeric CMPs containing Arg and Glu, it was concluded that Arg and Glu could not participate in a strong salt-bridge-type H-bond interaction, as believed, because Arg was involved in H-bonding with carbonyl backbone of neighbouring strand; instead Lys and Asp could engage in perfect axial salt-bridge interactions [56, 57] . Considering this factor, Hartgerink and co-workers [58] redesigned the peptide sequence of CPII into [(Pro-LysGly) 4 (Pro-Hyp-Gly) 4 (Asp-Hyp-Gly) 4 ] (also designated as 'KOD' peptide). This peptide went through all discrete steps of collagen self-assembly-from triple helix to nanofibres to hydrogel (figure 6). SEM, TEM and AFM images showed nanofibrous morphology of the hydrogel. The self-assembly mechanism proposed for this system is analogous to the rsfs.royalsocietypublishing.org Interface Focus 7: 20160138 'sticky-ended' self-association of coiled-coil peptides, forming fibres [59] or self-assembly of sticky-ended DNA duplexes into long double helices. The Lys of the leading strand formed a salt-bridge-type H-bond with an Asp of the adjacent middle strand offset by three amino acid residues. This favourable arrangement created a sticky-ended triple helix and as the chain elongated the backbone was stabilized by the increasing number of salt-bridge interactions and also from H-bonding ability of Gly. Meanwhile, the Lys or Asp residues, which did not initially participate in intrastrand H-bonding, formed interstrand salt bridges resulting in fibre bundles as observed in electron microscopic images. The proposed 'sticky-ended' model of self-assembly is quite different from the 'bluntended' assembly of CPII peptide. Thus, further studies were done by interchanging the domain positions of the peptide with exact same sequence composition, to confirm this model of assembly [60] . The four different combinations obtained through domain exchange were F1 [(PKG) 4 (DOG) 4 4 ]. TEM images depicted fibres for F1 and F2, while A1 and A2 formed amorphous aggregates. The blunt-ended assembly process would require charged domains in both termini, and therefore following this criteria of assembly, none of these peptides should form fibres as they contained only one terminal that was charged. On the other hand, sticky-ended hypothesis would produce more stable structures for F1 and F2 considering the possible charge pair interactions, H-bonds and number of amino acids in the triple helical nucleation region. KOD peptide was next evaluated as a potential haemostat [61] . Vitagel extracted from bovine collagen is used clinically for clotting blood. The key steps for thrombosis are platelet adhesion to exposed collagen in the vessel walls followed by their activation through platelet collagen interaction. KOD hydrogels supported platelet adhesion and activation. The secreted p-selectin, as a consequence of platelet activation, could be quantified by ELISA. Further, upon incubating the scaffolds with calcified whole blood, large red clots were observed. Later, this peptide was slightly modified by attaching a Gly spacer, and a Cys at the N-terminal to conjugate to maleimide functionalized eight-arm PEG via Michael addition [62] . This additional covalent modification with a polymer, resulted in a relatively transparent robust hydrogel, which supported the growth and proliferation of human corneal epithelial cells. The cornea is the outermost transparent part of the eye, and loss of corneal transparency causes blindness. Thus new donor corneas are required to address this issue. The KOD-PEG hydrogels were implanted in pigs following excision of pigs' own corneas. After 12 months, neo-corneas showing similar structure and function as that of healthy corneas were regenerated by replacing the original hydrogel implant.
Cysteine knots
Cysteine knot strategy uses covalent bonds to tether multiple triple helical strands through disulfide bridges. Raines and co-workers [63] showed evidences of formation of very long fibres, some even more than 400 nm length, for a heterotrimeric peptide with ABA triple helical register, established by Cys residues of each strand. The mechanism of this self-assembly is depicted in figure 7 . As shown in the figure, the tethering of the triple helix via disulfide linkages generated an equivalent number of offset triplet triads [(Pro-Yaa-Gly) 5 ] as overhanging sticky-ends in each strand of the triple helix. These overhanging sticky-ends facilitated intermolecular assembly that eventually culminated into elongated fibres of varying lengths (30 nm to greater than 400 nm). So far, this is rsfs.royalsocietypublishing.org Interface Focus 7: 20160138 the only known literature example of synthetic collagen fibres extending to a length higher than the length of natural collagen fibres (300 nm). Prior to this report, a similar heterotrimeric peptide design was published by Koide et al. but no experiments probing higher-order molecular assembly were conducted in this study [64] . Cysteine knots can be particularly useful in mimicking heterotrimeric collagens, but on the flipside, Cys can be tricky to incorporate in long collagen model sequences using standard solid phase synthesis. In another report, cysteine knot and electrostatic interaction contributed to the formation of nanorods and microfibrils from a collagen model homotrimeric peptide without Hyp in its sequence [65] .
Other examples of self-assembly
By tuning the hydrophobicity within a nine amino acid long guest domain of a host guest type sequence, scientists were able to obtain self-assembled discs and fibres. The increase in hydrophobicity through inclusion of a higher number of Leu and Ile favoured fibres over disc [66] . A complex hybrid collagen mimetic peptide [C 16 -AAAAAKKKKG(GPO) 3 GFO GER(GPO) 3 G] containing a N-terminal palmitoyl lipid tail (C 16 ), a b sheet domain (Ala) 5, a charged domain (Lys) 4 and a cell integrin binding epitope (GFOGER) flanked on either side by triple helical repeating triad (GPO) 3 gave rise to nanofibrous hydrogels following charge screening through increase in pH [67] . The initial self-assembly gave rise to cylindrical micelles due to hydrophobic collapse of the lipid tail and H-bond stabilization of b-sheet forming domain, with triple helices covering the outer surface of the cylinder. Elongation of such cylindrical micelles produced fibres and the assembly of billions of such nanofibres resulted in macroscopic hydrogels. The surface of this peptide hydrogel supported the adhesion and spreading of HepG2 cells, which express several subunits of cell surface integrins. The absence of either GFOGER or triple helix-forming triad significantly reduced cell adhesion capacity. A recent report demonstrated the formation of nanovesicles by heat triggered self-assembly of a thermoresponsive polymer conjugated to a triple helical peptide [68] . The review written by Luo & Kiick [69] contains useful information on collagen peptide-polymer bioconjugates.
Horng and co-workers studied the effect of glycosylation of Hyp residue on triple helix stability and higher-order assembly [70] . They designed three peptides based on original (POG) 7 template: (i) N-Hyp(Gal) with modified Hyp at the N-terminal; (ii) M-Hyp(Gal) with glycosylated Hyp at the middle of the sequence and (iii) C-Hyp(Gal) with Hyp modification at the C-terminal (Gal ¼ b-D-galactopyranosyl) . The melting temperature of the three peptides was between 36 and 388C, approximately 58C lower than control peptide (POG) 7 . Upon incubation at pH 7.4 in phosphate buffer between 12 and 24 h, all three glycosylated peptides formed fibrils of width 40-80 nm, irrespective of their position of modification, while no fibril formation was observed for (POG) 7 after 24 h. This signifies that even though there is a slight destabilizing effect of galactopyranosyl groups with regard to triple helix stability, further self-assembly beyond triple helix is actually enhanced presumably due to the H-bond network among the saccharide moieties. Chimielewski and colleagues investigated acid induced self-assembly of collagen mimetic peptides by O-alkylating Hyp to introduce carboxylic acid groups in (POG) 7 framework [71] . The thermal stability was sequentially decreased with each successive Hyp modification. At neutral pH, when the carboxylate groups were mostly deprotonated, interstrand electrostatic repulsion prevented triple helix assembly. However, when the pH was reduced to 2.7, i.e. under acidic conditions, the electrostatic repulsion was minimized due to protonation of carboxylate groups resulting in the formation of a stable triple helix, but information related to higher-order structure formation was not reported.
In another recent report, Raines and co-workers [72] have formulated design rules to create symmetrical assembly of staggered collagen helices stabilized by an identical number of electrostatic Lys-Asp ion pair interaction. These symmetrical ensembles were synthesized through permutations of (PKG) 4 (DOG) 4 and (POG) 4 building blocks that predominantly have sticky-ends. Guided by the formula n T ¼ (3v + 1), where n T denotes the number of XYG triads in the sequence of the peptide and v represents a positive integer, they were able to manipulate the number of amino acids in the sequence to ensure formation of uniform-sized sticky-ends and identical number of salt-bridge pairings between each triple helical peptides. The triple helices elongated in a symmetrical arrangement analogous to the symmetrical tessellation of tiles. From three different peptide sequences adhering to the design rule of symmetry, they were able to develop extended triple helical fibrous assemblies of micrometre-scale lengths and uniform diameters [72] .
Identification of collagen binding epitopes
Besides the fundamental platform for cell attachment, collagen binds to multiple components, the most notable among them are the cell surface transmembrane receptors especially integrins, discoidin domain receptor (DDR), leucocyte associated immunoglobulin-like receptor-1 (LAIR-1), osteoclast-associated (Pro-Yaa-Gly) 5 -(Pro-Yaa-Gly) 3 -Cys-Gly (Pro-Yaa-Gly) 5 -(Pro-Yaa-Gly) 3 -Cys-Gly (ProYaaGly) 3 GlyCysCysGly-(ProYaaGly) 5 triple helix with sticky ends a1 ¢ a2 a1 triple helix elongation intermolecular association mediated by sticky ends Figure 7 . Scheme showing the self-assembly mechanism of elongated triple helical fibres using cysteine knot strategy to drive the self-assembly process. The chemical structure shows the exact location of disulfide bonds between Cys (indicated in black) that helps to create three specific strand registersa1 (blue), a2 (red) and a1 0 (blue) in each individual triple helix. The (ProYaa-Gly) 5 shown within rectangular boxes are the overhanging sticky-ends. The overhanging sticky-ends further drives the self-assembly through intermolecular triple helix formation eventually yielding extended fibrils of unprecedented length. Adapted with permission from Kotch & Raines [63] . rsfs.royalsocietypublishing.org Interface Focus 7: 20160138 receptor (OSCAR), glycoprotein VI (GPVI) and cluster of differentiation 44 (CD44). In addition, it can bind to other proteins including von Willebrand factor (VWF), secreted protein acidic and rich in cysteine (SPARC) protein and even other types of collagen [73] . The specific recognition sites for these receptors may be located within the collagen molecule and require the triple helical conformation as a recognition element, while there are also cryptic sites that become available for binding after collagen is denatured [74] . The search for binding epitopes within natural collagen was traditionally been performed through digestion of the intact protein into smaller fragments with cyanogen bromide (CNBr). However, because CNBr cleaves a-chain at methionine (Met) residue, a conserved sequence such as GMOGER would be impossible to decipher. On the other hand, collagen Toolkit libraries comprising of synthetic small triple helical peptides can be used for mapping of binding epitopes within the collagen chains [75] . The basic design of toolkit library involved construction of host guest triple helical peptides by taking 27 amino acid residue from a homotrimeric chain of collagen serving as the guest. To ensure triple helical conformation, the guest sequence is flanked on both sides by five repeat GPO triads. Each successive peptide in the library shares nine overlapping sequences following a pattern in which the last nine amino acid residues in the sequence of the first peptide become the first nine residues of the next peptide and so on. Toolkit libraries covering the entire triple helical domain of collagen II and III were created in this manner from which some important binding motifs for integrins, DDR2, LAIR-1 and GPVI as well as cleavable sequences for matrix metalloproteinase-13 have been identified [75] [76] [77] [78] . This is quite an impressive method for identifying binding segments in collagens. Common binding epitopes derived from natural collagen are presented in table 2.
Integrins are the major cell binding proteins. Anatomically, integrins consist of two distinct subunits a and b connected by non-covalent interactions. Each subunit has a single helical transmembrane domain, a short intracellular domain that mediates interaction with the cell cytoskeleton and immunoglobulin-like extracellular domain. In the a subunit, the immunoglobulin-like domain ends in a b-propeller like structure inserted to an I-like domain of the b sub unit. Ligand binding occurs around this extracellular region. Collagen binds to at least five integrin receptor subtypes-a1b1, a2b1, a3b1, a10b1 and a11b1 [79] . Among them, a1b1 is ubiquitously distributed and is expressed by mesenchymal stem cells, a2b1 is prevalent in epithelial cells and platelets, a3b1 is found in many solid tumours such as non-small cell lung carcinoma, melanoma, etc.; the expression of a10b1 is comparatively less common, but it is preferentially expressed by chondrocytes, and a11b1 is found on the surface of fibroblasts surrounded by very dense collagen matrix [80, 81] . The most common motif GFOGER, which binds to a1b1 a2b1 and a11b1 is present in collagen type I (a1-502-507), type II and type IV (a1-385-390) [82] . Additional binding motifs identified for both a1b1 and a2b1 are GLOGER, type I (a1-127-132), GASGER, GROGER, type III (a1-64-69) and GAOGFOGER-GEK, type IV (a1-382-393) [76, 83] . Other sequences, such as GADGEA, (a1 chain of type I), GLOGEN and GGPOGPR both identified from collagen III toolkit library, are more specific for a2b1 [76, 84] . The a2b1 expressed in platelets has been shown to have binding affinity for collagen cell adhesion epitope DGEA incorporated in triple helical peptides in one Table 2 . Binding epitopes within collagen that bind to transmembrane receptors and other ECM components. The Toolkit library sequence is denoted by a Roman abbreviation followed by a number (e.g. study, but in another study with a different triple helical peptide design, the affinity for DGEA was lost [85, 86] . A sequence from type IV collagen GEFYFDLRLKGDK was able to bind a3b1 integrin of metastatic melanoma cells [87] . Substitution of Arg (R) by Lys (K) in GFOGER reduced integrin binding affinity, but replacement of Phe (F) with other hydrophobic residues (Leu, Met, Ala) could be tolerated [76, 83, 88, 89] . It is obvious from these studies that non-fibrillar collagen are also capable of mediating interaction with integrins. Since integrins play a major role in cell adhesion, therefore, the binding epitopes described here can be integrated with hierarchical self-assembling strategies in the design of collagen mimetic peptides to promote bioactivity. Discoidin domain receptor 1 and 2 (DDR 1, DDR 2) are members of tyrosine kinase receptor family, comprising of the extracellular DS domains homologous to the mould protein Dictyostelium discoideum discoidin-I [84] . Interestingly, DDRs show some deviations from typical tyrosine kinase behaviour. For instance, tyrosine kinase is monomeric, whereas DDRs are present as dimers [90, 91] . Also, receptor tyrosine kinases are typically activated by binding of soluble growth factors, but not ECM proteins. DDR possesses cytoplasmic kinase domains and the Tyr residues in these domains are phosphorylated upon binding of collagen to the extracellular DS domains. The phosphorylation activates binding of adapter molecules initiating cell signalling cascade [92] . DDR1 is present in epithelial cells while DDR2 is expressed by cells of mesenchymal lineage [84] . DDR1 is also overexpressed by numerous cancer cell lines [93] . The presence of a triple helical structure is necessary for binding DDRs, but higher-order assembly may not be required. The toolkit library discovered a consensus sequence GVMGFO for binding both DDR1 and DDR2 [77, 94] . The sequence occurs in collagen type I, II and III. Interestingly, a literature report has claimed that activation of DDRs by triple helical peptides containing GVMGFO motif can promote integrin mediated cell adhesion [95] . In fact, in pancreatic cancer cells, a coordinated effort from a2b1 and DDR1 induced epithelial-mesenchymal transformation upon collagen binding [96] .
Collagen is a strong mediator of platelet adhesion and activation. During a wound or injury, as the ECM underlying the endothelial cells gets exposed, collagen comes in contact with the circulating platelets. Adhesion of platelets under flow conditions requires binding of collagen to VWF; VWF-bound collagen then interacts with platelet glycoprotein receptor complex Ib-V-IX. GPVI and a2b1 are the other two collagen binding receptors on the platelet. The three receptors act in concert to facilitate adhesion and activation of platelets [97] . The collagen toolkit library has identified a sequence for GPVI-GAOGLRGGAGPOGPEGGKGAA(GPO) 2 [98] . Some studies, as we have described in the previous section, point to the possibility that a higher-order structure of collagen, in addition to triple helix conformation, may be essential to induce platelet aggregation [38] . By contrast, studies have demonstrated that platelets could be activated by triple helical peptides with repeat units of GPO [99] . In this regard, it is also suggested that GPO motifs have the ability to bind GPVI, but activation occurs only after transformation of the triple helix into polymeric structures induced by chemical cross-linking through cysteine disulfide bridges [100] .
LAIR-I is an immune receptor consisting of a short transmembrane domain, a single extracellular IG domain and a short cytoplasmic domain of immunoreceptor tyrosine based inhibitory motifs (ITIM) that negatively regulates immunological stimuli. In 2006, Lebbink et al. first demonstrated in vitro the inhibitory role of collagen through binding of LAIR-I [101] . Surprisingly, this finding revealed for the first time that collagen plays a significant role in controlling immune functions. Indeed, different collagen subtypes including fibrillar types I, II, III, network type IV and transmembrane collagens can act as potential ligands for LAIR-I [102] . The mapping of binding epitopes for LAIR-I from Toolkit III library identified segments with overlapping binding specificity with GPVI (e.g. GAOGLRGGAGPOGPEGGKGAA(GPO) 2 [98] . However, epitopes selective for LAIR-I have also been found [98, 102] . Tomlinson et al. demonstrated that LAIR-I can downregulate GPVI mediated signalling in certain human cell lines expressing both LAIR-I and GPVI [103] . It has also been shown that LAIR-I can bind (GPO) 10 but not (GPP) 10 [101] . OSCAR is another class of immune receptors recognized by collagen, but unlike LAIR-1 or other leucocyte receptor cluster, OSCAR has two IG domains lying at an obtuse angle and the mechanism of collagen binding is different from either LAIR-I or GPVI. A consensus motif of the type GXOGPXGFX, (GAOGASGDR and GPOGPAGFO) has been suggested for OSCAR binding [104] . The original identified sequence from Toolkit library was GPOGPAGFOGAO. An Ala scan has revealed that chopping off the GAO fragment has no effect on binding, however the presence of Hyp at position 3 and Phe at position 8 is important for binding [105] .
CD44 is a cell surface glycoprotein receptor with a strong binding affinity for hyaluronan. CD44 receptors are often found in elevated levels in metastatic tumours, and this is regarded as the hallmark receptor expressed in cancer stem cells [106] [107] [108] [109] . It is envisaged that within a population of tumour cells, those which express CD44, has the ability to give rise to an entire tumour population. In metastatic melanoma cells, CD44 is often overexpressed. A binding ligand from collagen type IV has been used for targeting CD44 receptors (a1-1263-1277: GVKGDKGNPGWPGAP) [110] . The ligand needs to be within triple helical conformation to mediate interaction with CD44.
Besides transmembrane receptors, collagen can recognize and bind to proteins and cell surface heparan sulfate proteoglycans (HSPG). Binding to plasma protein VWF is important for slowing down the platelets in circulation so that firm adhesion can take place. A collagen binding domain for VWF was identified within collagen III (GPRGQOGVMGFO) [111] . This motif is also present in collagen II even though collagen II is not concealed in the subendothelial blood vessel wall. The binding motifs for HSPG are KGHRGF, GRKGR and GKRGK [112, 113] . HSPG contains high density of negative charges and are excellent ligands for binding growth factors. Biomaterial scientists often designed scaffolds incorporating model compound heparin substituted for HSPG. The presence of heparin enables the scaffold to capture and bind soluble growth factors such as vascular endothelial growth factor. Thus a synthetic collagen scaffold incorporating heparin binding epitope can add additional value to its biofunctionality.
Under certain pathological states, collagens are degraded by matrix metalloproteinases (MMPs). Short CMPs (CMPs) can bind to these degraded collagens in pathological tissues. Yu and co-workers [114] developed a photo-caged CMP containing a photosensitive O-nitrobenzyl group attached to one Gly residue. The bulky nitrobenzyl group suppressed the formation of triple helix, but it could be cleaved through exposure to intense UV radiation at a wavelength of 365 nm rsfs.royalsocietypublishing.org Interface Focus 7: 20160138 and power greater than 25 mW cm 22 . With the photo-triggered release of nitrobenzyl, the peptide folds back into triple helical conformation. It was observed that the intact caged CMP with nitrobenzyl group attached, did not bind to denatured collagen. However, binding with denatured collagen occurred by shining UV light. This finding indicated that the triple helical folding ability of the CMP was necessary to establish binding with unfolded denatured collagen via strand hybridization mechanism. For elaborate description of collagen strand hybridization mechanism readers are directed to the review published by Yu et al. [115] . In a further extension of this study, they attached a fluorescent tag, namely carboxyfluorescein (CF) or 5-carboxytetramethylrhodamine (TAMRA), to the N-terminal of the CMP and this CMP was then directly applied in SDS-PAGE to detect intact as well as denatured collagens from mammalian cell lysate containing a medley of other proteins including laminin and fibronectin [116] . The use of usual anti-collagen I antibody was not required and the minimum concentration of the collagen band detected was 5 ng, indicating the high sensitivity of this detection system. Even though no epitopes within collagen has been selectively categorized as a collagen binding epitope, the synthesized CMPs can be used to detect collagen remodelling in tissues associated with many human diseases such as cancer, arthritis and fibrosis.
Conclusion
In the early years, researchers used CMPs primarily as surrogates for natural collagen to elucidate the mechanisms of collagen structure evolution. The development of a wellordered triple helix and its stability were the primary concerns to fulfil their objectives. However, in recent years, biomedical scientists have prioritized engineering of synthetic collagen fibres owing to the widespread demand for natural collagen in biomedical research including its use in the clinics, and the serious drawbacks associated with animal-derived collagen.
In this review, we have summarized the approaches from the literature that were successful in further directing the selfassembly of collagen mimetic peptides after formation of stable triple helix. Some of these approaches have produced surprises with unpredictable morphologies of the macromolecular assemblies rather than mimicry of collagen fibrils, but they also opened up a new dimension of creating novel biomaterials blended with collagen-like properties that can find applications in biomedicine. For example, collagen discs have been used to deliver drugs in the cornea as well as in bone regeneration [117, 118] . The unprecedented example of the formation of nanofibrous hydrogels recapitulating all three stages of selfassembly of natural collagen, is a great leap towards developing programmable triple helical building blocks that will direct self-assembly to create artificial biofunctional materials with collagen-like mechanical strength and inherent biological signalling ability. Moreover, in future, scientists can combine two or more different approaches of inducing self-assembly in one system to create advanced functional materials. Synthesis of collagen-like structures from heterotrimeric triple helical peptides still remains a challenge to tackle. Lastly, in addition to structural support, collagen plays an indispensable role in cell signalling events mediated mostly by recognition, binding and activation of transmembrane receptors. 
